Between October 1999 and April 2002, 100 consecutive patients who presented with an acute SAH were included in this study. The SAH was diagnosed on the basis of findings from a CT scan of the brain or lumbar puncture (when CT findings were nondiagnostic) obtained within 24 hours after ictus and was subsequently confirmed to be aneurysmal in origin by catheter angiography.
For each patient, age, sex, aneurysm size (greatest dimension), aneurysm location, volume of SAH, presence of IPH or IVH, and the incidence of ventriculostomy placement within 24 hours after hospital admission was recorded. These data were collected by reviewing admission CT scans, diagnostic cerebral angiograms, and inpatient records. A history of hypertension, as well as the use of aspirin, warfarin, and cigarettes was recorded. Admission platelet and INR values were checked. A platelet count less than 100,000/l or an INR greater than 1.3 were considered to be abnormal. Data for the first 68 patients were reviewed retrospectively, whereas data for the final 32 patients were collected prospectively.
All patients underwent CT scanning of the head on arrival at the hospital. The volume of cisternal blood on the admission CT scan was graded from 0 to 30, with a score of 0 indicating no radiographic evidence of SAH (although the results of the lumbar puncture were positive) and a score of 30 indicating a maximal volume of cisternal blood. This semiquantitative grading system has been previously described and confirmed to have high interobserver reliability. 9 In brief, the basal subarachnoid space was divided into 10 separate cisternal segments, each receiving a score ranging from 0 (no blood) to 3 (maximal blood) (Fig. 1) . The scores for all subarachnoid compartments were added together, yielding a total score. Positive results of a lumbar puncture were defined as the findings of xanthochromia in the cerebrospinal fluid of a patient presenting with severe, sudden headache. A single physician reviewed the admis-sion CT scans and was blinded to data concerning the size of the aneurysm.
Cerebral angiography was performed within 24 hours after hospital admission. The greatest aneurysm dimension (in millimeters) was measured using either the cavernous ICA (4-mm diameter) or the basilar artery (3-mm diameter) as a reference. 8, 11, 16 The parent vessel and location of each aneurysm was determined. Twenty-eight patients had multiple aneurysms. In these patients, the aneurysm that ruptured was obvious in all cases, as determined by the focality of hemorrhage on the admission CT scan and on operative findings.
The statistical relationship between aneurysm size and SAH volume was evaluated using regression analysis. The coefficient of determination (r 2 ), slope coefficient, and their respective significance values were calculated. The data were also divided into groups based on aneurysm size (1-5 mm, 6-10 mm, 11-15 mm, and Ͼ 15 mm). The mean volumes of SAH for each group were compared using analysis of variance with a linear contrast statement. The frequencies of IPH, IVH, and ventriculostomy placement for each group were analyzed using the Mantel-Haenszel chi-square test. Statistical computations were performed using commercially available software (JMP Statistical Analysis Program [version 3.0] or the SAS System; SAS Institute, Cary, NC). Findings with a probability value less than 0.05 were considered significant.
Results
The mean age of the patients was 49.6 years (range 23-81 years); 58% of the patients were women and 42% were men. In six patients the CT scans lacked evidence of SAH and, subsequently, these patients underwent lumbar punctures, the samples from which proved positive for xanthochromia. The mean aneurysm size was 8.3 mm (range 1-25 mm) and the mean SAH volume score was 15 (range 0-30). The aneurysm locations were as follows: 31 lesions on the ACoA complex (31%); 27 on the PCoA (27%); 16 on the MCA (16%); nine in the paraclinoid region (ophthalmic or superior hypophysial artery) (9%); 10 at the basilar bifurcation or superior cerebellar artery (10%); five in the pericallosal region (5%); and two aneurysms at the ICA bifurcation (2%). A review of the clinical records and admission CT scans of the brain showed that 25 patients had an IPH (25%), 30 had some IVH (30%), and 44 required placement of a ventriculostomy (44%). Thirty patients smoked cigarettes (30%), 22 had a history of hypertension (22%), and three ingested aspirin on a daily basis (3%). No patient received anticoagulant medications or had evidence of abnormal coagulation profiles. Table 1 summarizes the clinical and radiographic data.
Patient age and sex, aneurysm location, cigarette use, history of hypertension, presence of multiple aneurysms, and the side on which the aneurysm was located had no statistically significant relationship to the volume of SAH (Table 2). Regression analysis revealed that smaller aneurysm size correlated with more extensive SAH (Table 3) . This relationship can be seen in the scatterplot and best-fit line shown in Fig. 2 upper. When ACoA or PCoA aneurysms were analyzed separately, a similar inverse relationship between the size of the aneurysm and the volume of SAH was found ( Table 3) . The scatterplot and best-fit line for PCoA aneurysms can be seen in Fig. 2 lower. Excluding patients with IVH and/or IPH did not significantly change the degree of correlation between aneurysm size and volume of SAH (Table 3) . When the data were divided into groups based on aneurysm size (1-5 mm, 6-10 mm, 11-15 mm, and Ͼ 15 mm), the analysis revealed a significant associa-
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Cerebral aneurysm size and volume of hemorrhage tion between smaller aneurysm size and a higher incidence of ventriculostomy placement (p = 0.0007) ( Table 4) . There was also a higher incidence of IPH occurring with smaller aneurysms (p = 0.02) ( Table 4 ). When analysis of variance was applied to data grouped by size, the correlation between smaller aneurysm size and more extensive SAH was again found to be statistically significant (p Ͻ 0.0001) (Table 5). These results are presented in Fig. 3 .
When the patient's age was dichotomized at the median (48 years), no statistical difference in the volume of SAH (p = 0.2) or the mean aneurysm size (p = 0.76) was found between the two groups. Also, no statistical correlation between patient age and volume of SAH was found when regression analysis was performed (p = 0.08). These subanalysis results indicated that cortical atrophy, which is related to old age, did not have a significant relationship with the volume of SAH recorded and, therefore, did not confound our results.
Discussion
It has been our general impression that smaller cerebral aneurysms produce more extensive SAH. On a review of the literature, however, we could not find any report confirming this supposition. Indirect evidence of this was provided by Roos, et al., 15 who in their investigation of the relationship between aneurysm size and overall clinical outcome following SAH, reported that patients with larger aneurysms tended to present with smaller amounts of SAH; however, their data were not quantified. Our radiographic study confirms an inverse relationship between aneurysm size and volume of SAH. As expected, the low coefficient of determination (r 2 = 0.23) of the regression analysis indicates that the volume of SAH is only partially determined by aneurysm size. Other factors likely affect the volume of SAH, and may include transmural pressure (arterial pressure), wall strength (affected by cigarette smoking, alcohol use, aneurysm age), neck/dome ratio, and aneurysm shape.
14 As discussed later, the role that aneurysm size plays in determining the extent of SAH may shed light on the pathophysiology of cerebral aneurysm rupture.
The Laplace law (wall tension = transmural pressure ϫ the radius) may be applied to cerebral aneurysms. To achieve the same critical aneurysm wall tension leading to rupture, smaller aneurysms must be subjected to a higher arterial pressure than larger lesions. This higher pressure may yield a more extensive hemorrhage following rupture. Unfortunately, a history of hypertension and mean arterial pressure on admission are both unreliable predictors of arterial pressure at the moment of rupture and, therefore, are * Basilar = basilar tip and superior cerebellar artery; paraclinoid = ophthalmic and superior hypophysial arteries; SEM = standard error of the mean.
† Midline aneurysms include those located on the ACoA complex and the basilar tip.
‡ Abnormal coagulation was considered to be either a platelet count lower than 100,000/l or an INR greater than 1.3. poor historical variables. In our statistical analysis, a history of hypertension was not associated with a larger volume of SAH.
Another possible explanation for our results is the relationship between aneurysm walls and their surrounding environment. Specifically, the walls of larger aneurysms are more likely to be in direct contact with arachnoid membranes and glial limitans of the cortical gray matter, both of which have the highest concentrations of tissue factor found intracranially. 3, 4, 6, 17 Tissue factor, a protein that promotes hemostasis through the extrinsic coagulation pathway, may help limit bleeding from wall defects in larger aneurysms.
Using al., 18 discovered that ICP has a dynamic influence on aneurysm size: at a low ICP, aneurysms are maximally distended and minimally pulsatile, whereas, at a high ICP, aneurysms are smaller and markedly pulsatile. We believe that the ICP did not confound the measurements of aneurysm size significantly because all patients with signs of increased ICP (lethargy or evidence of hydrocephalus on the admission CT scan) received an emergency ventriculostomy, which maintained the ICP within normal limits during diagnostic angiography.
We used an established semiquantitative grading system to determine the extent of SAH 9 ( Fig. 1) . Although a high interobserver agreement for this grading system has been reported, 9 possible flaws in this system include the effect aneurysm location has on the hemorrhage score, specifically the proximity of an aneurysm to the most medial basal cisterns. For example, some MCA aneurysms produced thick clots in the sylvian fissure and large IPHs, yet failed to extend significantly into the contralateral sylvian cistern or into cisterns surrounding the brainstem, thus yielding a low hemorrhage score. An analysis performed using only patients with ACoA complex aneurysms, those with PCoA aneurysms, or patients without IPH or IVH, subgroups that are less susceptible to this potential problem with the grading system, also revealed a correlation between a small aneurysm size and a larger volume of SAH (Table 3 and Fig.  2 lower) . Furthermore, no one aneurysm location was statistically associated with a larger volume of SAH, a fact that also supports the reliability of the radiographic grading system used (Table 2 ). Another concern is the consistency of the grading system when applied to patients with cortical atrophy. This was addressed by showing that there was no difference in mean SAH volume, as well as in mean aneurysm size, when data were dichotomized at the median patient age. Moreover, a regression analysis between patient age and volume of SAH did not reveal a significant correlation.
Some authors believe that postrupture, the size of the aneurysm determined by angiography may actually be smaller than the size prior to rupture. 19 If true, this may be caused by compressive forces of the subarachnoid blood itself or be due to an intraaneurysm clot that limits opacification of the aneurysm during angiography. This theory has been used to explain why in some patients with SAH angiograms are nondiagnostic immediately following rupture, whereas the aneurysm appears on angiograms obtained 1 week later. Studies have been performed regarding this issue, 7, 12, 13, 20 with most concluding that this phenomenon does not occur to a significant degree, and that the size of the aneurysm measured angiographically post-SAH is a reliable predictor of the prerupture size.
We infer from our data that small aneurysms are dangerous; they produce a larger volume of SAH. Although we did not report the incidence of vasospasm in our cohort of patients, authors of a previous study, in which the same semiquantitative grading system was used, found that a larger volume of SAH significantly correlated with a higher incidence of vasospasm. 2 The thicker blood clots produced by smaller aneurysms may have contributed to our finding that patients with smaller aneurysms more frequently require urgent placement of a ventriculostomy.
The limitations of our study relate to the accuracy of our data collection. We used the ICA and the basilar artery as references to determine aneurysm size. Although the average dimensions of these vessels and the statistical deviation resulting from normal anatomical variations have been defined in previous anatomical studies, some degree of imprecision cannot be avoided when this method of measurement is used. 8, 11, 16 Additionally, we used a previously published, semiquantitative method to measure the volume of SAH. Despite the fact that this method has a high interobserver reliability, 9 its semiquantitative nature precludes it from being a completely objective measure of SAH volume. Nevertheless, these limitations do not change our conclusions, considering the high degree of significance associated with our results.
Conclusions
Smaller cerebral aneurysm size is associated with a larger volume of SAH. The pathophysiological basis for this correlation remains speculative.
